The effect of cold exposure (0°C) on profiles of total heat production ( H P ) , energy metabolism, and blood metabolite and hormone concentrations were measured in nine shorn Suffolk rams. Blood metabolite and hormone responses to feeding and t o i.v. arginine injection (.625 mmol/kg BW) and postprandial changes in HP were also measured. Heat production was greater ( P < .05) during cold exposure than in the thermoneutral environment due to enhanced ( P < .05) nonprotein oxidation. Protein oxidation and nitrogen balance remained unchanged during cold exposure. Plasma glucagon concentrations increased ( P < .05) during the initial period of cold exposure. Heat production increased ( P < .O 1) after the initiation of feeding in both environments. Heat production returned gradually to prefeeding values in the thermoneutral environment, but it remained close to the higher levels during cold exposure. Plasma insulin and glucagon concentrations increased ( P < .05), and plasma growth hormone concentrations decreased ( P < . l o ) after the initiation of feeding in both environments. Plasma glucagon responses to feeding ( P < .05) and plasma insulin responses to arginine injection ( P < .01) were reduced by cold exposure. We suggest that 1) enhanced HP in sheep exposed to cold is maintained by enhanced nonprotein oxidation and 2 ) endocrine responses to stimulants are influenced by cold exposure, even though profiles after cold exposure change little.
Introduction
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3T0 whom correspondence should be addressed. Received August 15, 1994. Accepted March 7, 1995. J. Anim. Sci. 1995 Sci. . 73:2054 Sci. -2062 hormones that control intermediary metabolism and the partitioning of nutrients in ruminants (Sartin et al., 1985a,b; Ostaszewski et al., 1990) . However, little information is available concerning simultaneous metabolic and endocrine responses to cold in ruminants. Feeding is the most effective stimulant of the normal diurnal patterns of blood metabolites and hormones, and exogenous arginine is commonly used as a standard stimulant of endocrine responses in ruminants (Godden and Weekes, 1981; Sasaki and Takahashi, 1983) .
The present experiment was designed to measure 1 ) profiles of carbohydrate, fat, and protein oxidation and of blood metabolite and hormone concentrations, 2 ) postprandial changes in HP, blood metabolite, and hormone concentrations, and 3 endocrine responses to i.v. arginine injection in sheep exposed t o thermoneutral and cold environments.
Materials and Methods
Animals and Diets. Nine shorn Suffolk rams, aged 1 t o 2 yr and initially weighing 52 -t 4 kg, were used. At least 3 mo before the experiment, they were surgically prepared under anesthesia with a skin loop enclosing the left carotid artery. Rams were kept in metabolism cages in a controlled-environment chamber at an air temperature of 20 f 1°C. They were given chopped orchardgrass hay ( 11.1% moisture, 8.3% crude ash, 15.8% CP, 5.0% ether extract, 25.0% crude fiber, and 34.8% nitrogen-free extract) and water once a day at 1600. The diet was estimated to contain 1.8 Mcal of MEkg (NRC, 1985) . After completing the experiments in the thermoneutral environment, the temperature in the chamber was reduced to 0 * 1°C. The rams were exposed continuously to this condition and fed the same diet as in the thermoneutral environment for 18 d.
Profiles. After adjusting to the diet and surroundings in the thermoneutral environment for 2 wk, physiological responses (respiration rate, heart rate, rectal temperature, and HP) were measured at 0900. Feed and water were removed at 0900 and not offered again until 1600. Blood samples (10 mL) were taken by venipuncture from the skin loops without noticeable stress to the sheep. Blood was transferred to centrifuge tubes that contained 30 units of heparin sodium and 5,000 KIU of the protease inhibitor aprotinin (Antagosan, Behringwerke, Germany); tubes were stored in ice water until centrifugation. Residual feeds, feces, and urine were collected for analyses. The samples were collected for 7 and 14 d in the thermoneutral and cold environments, respectively.
Response to Feeding. Blood was sampled on the 7th d of the thermoneutral and cold environments. An arterial catheter was inserted into the skin loop at least 2 h before the blood sampling, and it was filled with a sterile solution of 3.8% trisodium citrate. Blood samples were taken into centrifuge tubes at 30 and 15 min and immediately before the initiation of feeding and 5 , 10, 15, 30, 45, 60, 90, 120, 180, 240, 300 , and 360 min after the initiation of feeding. Samples were stored in an ice-water bath until centrifugation. The centrifuge tubes contained anticoagulant and protease inhibitor as described above.
One to 3 d after the blood sampling period, HP in six of the nine sheep was determined over 8 h, starting 2 h before the initiation of feeding.
Response to Arginine Injection. Blood was sampled on the 18th d of exposure to both environments. Arginine (L-arginine monohydrochloride, Wako Pure Chemicals, Osaka, Japan) was dissolved in distillated water at a concentration of 1.2 M and adjusted to pH 7.4. Catheters were inserted into a jugular vein at least 1 d before the experiment and into the skin loop at least 2 h before the experiment. The arginine solution was injected into the jugular catheter at a dose of .625 mmoVkg BW as reported by Sasaki and Takahashi (1983) and Takahashi et al. (1984) . Blood samples were taken through the arterial catheter at -10, 0 (immediately before injection), 1, 2.5, 5, 10, 15, 30, 45, 60, 90 , and 120 min after arginine injection and stored in ice water until centrifugation.
Analyses. Oxygen consumption and carbon dioxide and methane production were determined from inlet and outlet air with a respiratory gas analysis system (Oxygen analyzer Model 501-DS, Carbon dioxide analyzer Model 801-DS, and Methane analyzer, P. K. Morgan Ltd., U.K.) with open-circuit calorimetry as described by Terashima et al. (1993) . Nitrogen ( N ) in the diet, feces, and urine was measured with the Kjeldahl method (AOAC, 1970) for apparent CP ( N x 6.25) digestibility and N balance determinations for 7 and 14 d in the thermoneutral and cold exposures, respectively. The VFA (acetate and propionate) concentrations were determined with gas chromatography (Model 154F, Hitachi Ltd., Tokyo, Japan) after steam distillation. Glucose concentrations were determined using an automated glucose analyzer (Model GLU-1, Erma Optical Works, Tokyo, Japan). Concentrations of free fatty acids (FFA) were determined with a kit (NEFA C test, Wako Pure Chemicals, Osaka, Japan). a-Amino N concentrations were determined as described by Lee and Takahashi (1966) . Insulin was measured with a RIA kit (IRI 'Eiken', Eiken Chemical Co., Tokyo, Japan) based on a double-antibody method. Intra-and interassay CV for insulin were 5.7 and 9.0%, respectively. Pancreatic glucagon was assayed with a RIA based on a charcoal method (Ohneda et al., 1979) as described by Sasaki et al.
( 1982 1. Glucagon from a mixture of bovine and porcine pancreas (Sigma Chemical, St. Louis, MO) was used as standard. Antiserum G42-E was used, which reacts only with pancreatic glucagon. Intra-and interassay CV for glucagon were 3.5 and 18.1%, respectively. Growth hormone was measured with a double-antibody RIA. Ovine GH antiserum (anti-oGH-2 ) and ovine GH ( o G H -I -~) , used as standard and for iodination, were from the National Hormone and Pituitary Program of the National Institute of Diabetes and Digestive and Kidney Diseases (NIDDK). The ovine GH was labeled with [l3lI1Na (NEZ-O35H, New England Nuclear, Boston, MA) using lactoperoxidase as described by Kawaminami et al. ( 1986) . Intra-and interassay CV for GH were 7.1 and 16.3%, respectively.
Statistics. Data were expressed as mean values k SE. Heat production and oxidation rates of carbohydrate, fat, and protein were calculated by Brouwer's formula (Brouwer, 1965) and expressed relative to metabolic body size ( MBS). Areas of blood metabolite and hormone responses were calculated over 360 min after the initiation of feeding and over 120 min after arginine injection as described previously . The total and incremental response areas were defined as the area beneath the curve for concentrations and the incremental area above the basal means, respectively, after the initiation of feeding or arginine injection. All data were analyzed with the GLM procedures of SAS (1985) . A one-way ANOVA was SAN0 used to compare values in the thermoneutral with those during cold exposure. The repeated statement of the GLM procedures was used to compare the thermoneutral means with values obtained on each day after the initiation of cold exposure. The repeated statement was also used t o compare the basal means with values obtained after the initiation of feeding or arginine injection. Results were considered significant at the P < . l 0 level.
Results
Profiles. The body weight of the sheep was maintained in the thermoneutral environment but tended to decrease during cold exposure, although DM1 and apparent digestibility of DM and CP were not influenced by cold exposure (Table 1 j . Because the measures of N balance remained unchanged, a positive N retention was maintained during cold exposure. Heart rate increased ( P < .05) and respiration rate and rectal temperature decreased ( P < .O 1) during cold exposure ( Figure 1 ). Heat production and nonprotein oxidation rate increased ( P < .05) during cold exposure. However, an increase in carbohydrate oxidation rate was not significant (Table l > . Plasma glucose ( P < .Ol) and FFA ( P < .001) concentrations increased after the initiation of cold exposure (Figure 2 ). Concentrations of plasma glucose remained virtually constant thereafter, but those of plasma FFA decreased gradually from the maximum value detected on the 2nd d of cold exposure.
Concentrations of plasma a-amino N decreased ( P < .05) after the initiation of cold exposure.
ET AL.
Concentrations of plasma insulin remained unchanged during cold exposure (Figure 3 j Response to Feeding. Although feed was available to the sheep between 1600 and 0900, eating was always strongly stimulated when the feed was provided. Heat production increased ( P < .Ol> after the initiation of feeding, reaching peak values at 20 min after the initiation of feeding in the thermoneutral environment and after 30 min during cold exposure (Figure 4 j . Heat production in the thermoneutral environment then returned gradually to the prefeeding values, whereas HP during cold exposure was maintained at greater ( P < .01) rates than for the prefeeding values throughout the 6-h sampling period. Prefeeding concentrations of blood VF'A, acetate ( P < .lo), and propionate ( P < .05) were lower during cold exposure than in the thermoneutral environment ( Figure 5 ) . The VFA concentrations increased ( P < . O l > after the initiation of feeding in both environments, and the incremental response areas did not differ between the environments (Table 2 ). The concentration of plasma glucose in the thermoneutral environment decreased ( P < .01) after the initiation of feeding and recovered thereafter, whereas concentrations during cold exposure changed little (Figure 6 j .
Concentrations of plasma FFA decreased ( P < .05) after the initiation of feeding in both environments; 'HP = heat production; MBS = metabolic body size.
+Different from the corresponding thermoneutral mean ( P < .lo).
*Different from the corresponding thermoneutral mean ( P < .05). Time. d Figure 1 . Respiration rate, heart rate, and rectal temperatures during exposure of sheep (n = 9) to thermoneutral (20°C) and cold (0°C) environments.
METABOLIC AND ENDOCRINE
Open circles indicate differences (P < .lo) from the mean thermoneutral values.
the decremental response areas (negative values)
were greater ( P < .O 1) during cold exposure than in the thermoneutral environment (Table 2) . Concentrations of plasma a-amino N increased ( P < . l o ) after the initiation of feeding in both environments. Concentrations of plasma insulin in the thermoneutral environment reached a peak ( P < .05), which was the maximum value, at 5 min after the initiation of feeding, and then returned to the prefeeding values (Figure 7) . Insulin concentrations during cold exposure changed similarly, but they were lower ( P < .lo) than the prefeeding values. Concentrations of plasma glucagon increased ( P < .O 1) transiently after the initiation of feeding and then increased ( P < .O 1) again in the thermoneutral environment, but these changes were relatively small during cold exposure. The incremental response areas of plasma glucagon to feeding were less ( P < .05) during cold exposure than in the thermoneutral environment ( Table 2 ). The I:G ratio changed little immediately after the initiation of feeding in the thermoneutral environment, but it was increased ( P <
. O l ) a t 5 min during cold exposure (Figure 7 ). The ratio then decreased ( P < .05) in both environments.
Plasma GH concentrations in the thermoneutral environment decreased ( P < .lo) after the initiation of feeding, and then they returned to the prefeeding values within 60 min. Concentrations of plasma GH during cold exposure decreased ( P < .O 1) consistently and did not recover until at least 180 min after the initiation of feeding.
Arginine Injection. Concentrations of plasma glucose increased ( P < .01) after arginine injection in both environments (Figure 8 ). Plasma insulin concentrations also increased ( P < .01 for the thermoneutral Figure 3. Concentrations of plasma insulin (I), glucagon (G), I:G ratio, and growth hormone (GH) during exposure of sheep (n = 9) to thermoneuh-al (20°C) and cold (OOC) environments. Open circles indicate differences (P < .lo) from the mean thermoneutral values. environment and P < .05 for cold exposure), reaching peak values at 1 min after arginine injection, and then they returned gradually to the preinjection values in both environments. Insulin response areas were smaller ( P < .O 1) during cold exposure than in the thermoneutral environment (Table 3 ) . Plasma glucagon concentrations also increased ( P < .01) after arginine injection in both environments. Even though the peak concentrations were numerically lower (239 & 30 vs 300 f 61 pg/mL) during cold exposure than in the thermoneutral environment, the plasma glucagon response areas after arginine injection did not differ between environments.
Plasma GH concentrations were increased slightly, but not significantly ( P < .23), at 15 min after arginine injection, and then they decreased gradually in both environments. The response areas did not differ between environments.
ET AL. 
Discussion
Animals respond to a new environment using their homeostatic abilities (Young et al., 1989) . CTotal and incremental areas were calculated over 360 min after the initiation of feeding.
+Different from the corresponding thermoneutral mean ( P < ,101. *Different from the corresponding thermoneutral mean ( P < ,051. **Different from the corresponding thermoneutral mean ( P < .01). Total and incremental areas were calculated over 120 min after arginine injection.
*Different from the corresponding thermoneutral means ( P < .05). **Different from the corresponding thermoneutral means ( P < . O U .
SAN0 ET AL. Figure 6. Concentrations of plasma glucose, free fatty acids (FFA), and a-amino nitrogen after the initiation of feeding in sheep exposed to thermoneutral (2O"C, circle) and cold (OOC, triangle) environments (n = 9). Open symbols indicate differences (P < .lo) from the mean prefeeding values.
responses to cold, such as changes in respiration rate, heart rate, and rectal temperature, were virtually maintained, whereas the initially enhanced plasma FFA and glucagon concentrations returned toward the thermoneutral values. These results indicate that the rams became adapted t o the cold. Cold exposure usually stimulates feed intake and reduces digestibility in ruminants (Kennedy, 1985) . However, in this study, DM1 and the digestibility of DM and CP were influenced little by cold exposure. Because ME and CP intakes of these sheep were estimated to be 1.2 and 2.2 times the requirements for maintenance in the thermoneutral environment, respectively (NRC, l&%), the sheep may have reached a maximum consumption of the roughage diet in the thermoneutral environment. An unchanged feed intake during cold exposure ( 0°C ) was also reported for sheep given hay cubes . The enhanced HP ( P < .05) without any enhancement of ME intake indicated that there was an accelerated mobilization of body reserves during cold exposure. Because N balance and protein oxidation rate re- Figure 7. Concentrations of plasma insulin (I), glucagon (G), I:G ratio, and growth hormone (GH) after the initiation of feeding in sheep exposed to thermoneutral (20"C, circle) and cold (OOC, triangle) environments (n = 9). Open symbols indicate differences (P < .lo) from the mean prefeeding values. mained unchanged, a positive N retention was maintained at the expense of an enhanced nonprotein oxidation during cold exposure. Eskeland et al. ( 1973) reported that i.v. infusion of glucose or VFA (2.092 and 2.510 MJ/24 h ) for 9 to 12 d improved N retention in lambs. It seems that in sheep fed the roughage diet at a sufficient level of ME intake, nonprotein sources were preferentially used in generating heat, and, consequently, this spared protein oxidation from body reserves.
The turnover rate and oxidation of blood glucose, glycerol, and palmitate increased in sheep exposed to 0°C (Tsuda et al., 1984; Sunagawa et al., 1988) . These substrates are supplied via gluconeogenesis, Time after injection, min Figure 8 . Concentrations of plasma glucose, insulin, glucagon, and growth hormone (GH) after an i.v. injection of L-arginine (h25 mmol/kg BW) in sheep exposed to thermoneutral (2OoC, circle) and cold (O' C, triangle) environments (n = 9). Open symbols indicate differences (P < .lo) from the mean preinjection values.
glycogenolysis, and lipolysis from body reserves as well as from products of digestion, and they may become more important for HP during cold exposure. However, the turnover rate of blood acetate, the primary energy source for ruminants, remained unchanged, and the propionate production rate in the rumen decreased during cold exposure (Tsuda et al., 1984) . Therefore, these varied responses may explain the lack of clearcut increases in carbohydrate and fat oxidation during cold exposure in the present experiment.
Our results do not necessarily indicate that animals are not influenced by cold exposure, even though metabolic and endocrine profiles changed little. Plasma insulin and glucagon responses to stimulants differed between thermoneutral and cold environments (Sasaki et al., 1982; Sasaki and Takahashi, 1983) . Feeding and arginine injection were used as stimulants, because the diurnal patterns of HP and blood metabolite and hormone responses are strongly dependent on feeding (Trenkle, 1978) and because arginine is used as a standard test for examining hormone secretion (Godden and Weekes, 1981; Sasaki and Takahashi, 1983) . The intermediary metabolism of blood metabolites is coordinated by endocrine hormones such as insulin, glucagon, and GH. The I:G ratio is of greater significance than the absolute concentrations of the hormones (Bassett, 1975) . Although the I:G ratio in the daily profile was not influenced during cold exposure, the ratio of insulin: glucagon response areas following arginine injection was less during cold exposure than in the thermoneutral environment. The small response area ratio during cold exposure may indicate enhanced catabolism (i.e., glycogenolytic and gluconeogenic actions). Basal concentrations and the pulse height of plasma GH were enhanced during cold exposure ( 0 "C ) in sheep (Oda et al., unpublished data) . Enhanced plasma GH concentrations may partly reflect enhanced plasma FFA concentrations due to the lipolytic effect of GH.
In the thermoneutral environment, the prefeeding HP and increments in HP induced by feeding were comparable to those reported previously (Achmadi et al., 1994) . The duration of enhanced HP was more prolonged during cold exposure. It seems that heat generated from a diet is effectively used for maintaining homeothermia, and, consequently, the mobilization of body reserves is spared during cold exposure. Reduced plasma GH concentrations in response to feeding may be reflected by increases in VFA concentrations (Oda et al., unpublished data) and in rumen distension (Tindal et al., 1985) .
The duration of reduced GH concentrations was greater during cold exposure than in the thermoneutral environment. The change may partly explain the prolonged increased rate of HP during cold exposure, because blood glucose oxidation was reduced in lactating cows treated with bovine somatotropin (Bauman et al., 1988) . Among the total and incremental hormonal response areas to feeding, the incremental area of plasma glucagon concentrations was reduced by cold exposure. Because propionate has a physiological role for glucagon secretion (Sano et al., 19931 , reduced blood VFA concentrations during cold exposure could in part reduce glucagon responses to feeding.
Because arginine is one of the amino acids that influences plasma insulin, glucagon, and GH secretory responses (Sasaki and Takahashi, 1983; Takahashi et al., 1984; Kuhara et al., 1991) , i.v. arginine injection ( .625 mmoVkg B W) was used to examine insulin, glucagon, and GH secretory responses in the present experiment. Although the dose may be above the physiological range, it was less than those reported by Godden and Weekes (1981) . The stimulant effect of arginine is less than that of glycine, serine, or alanine in sheep (Kuhara et al., 1991) . The reduced insulin responses to arginine during cold exposure were in agreement with data reported by Sasaki and Takahashi ( 1983) . However, the unchanged glucagon responses to arginine did not agree with data reported by Sasaki et al. (1982) and Takahashi et al. (19841, who reported enhanced plasma glucagon responses. Although the reason for this disagreement cannot be explained, differences in the procedures and animals used may offer an explanation. Arginine-induced plasma GH responses did not differ significantly between environments in the present experiment. Other amino acids, such as aspartate, should be used to measure the environmental effect on plasma GH responses t o amino acids, although aspartate did not stimulate insulin and glucagon secretion (Kuhara et al., 1991) .
Implications
Carbohydrate and fat oxidation become more important processes for generating heat during cold exposure. Protein balance is maintained by an enhanced nonprotein oxidation during cold exposure in sheep fed sufficient amounts of metabolizable energy. These metabolic responses to cold in sheep may be coordinated by the pancreatic and pituitary hormones.
